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Abstract. Purpose: Exploration of historical data for regional organ dose sensitivity is limited by the effort needed to (sub-)segment large numbers of contours. A system has been developed which can rapidly perform autonomous contour sub-segmentation and generic dosevolume computations, substantially reducing the effort required for exploratory analyses. Methods: A contour-centric approach is taken which enables lossless, reversible segmentation and dramatically reduces computation time compared with voxel-centric approaches. Segmentation can be specified on a per-contour, per-organ, or per-patient basis, and can be performed along either an embedded plane or in terms of the contour's bounds (e.g., split organ into fractional-volume/dose pieces along any 3D unit vector). More complex segmentation techniques are available. Anonymized data from 60 head-and-neck cancer patients were used to compare dose-volume computations with Varian's Eclipse TM (Varian Medical Systems, Inc.). Results: Mean doses and Dose-volume-histograms computed agree strongly with Varian's Eclipse TM . Contours which have been segmented can be injected back into patient data permanently and in a Digital Imaging and Communication in Medicine (dicom)-conforming manner. Lossless segmentation persists across such injection, and remains fully reversible. Conclusions: DICOMautomaton allows researchers to rapidly, accurately, and autonomously segment large amounts of data into intricate structures suitable for analyses of regional organ dose sensitivity.
Purpose
Dose-volume response for normal tissue complications has been extensively studied. Typically, organs at risk are demarcated on ct images as whole organs and dose-volume analysis is performed based on dose-volume histograms (dvhs) which preclude positional dose dependence. The assumption underlying this treatment is that function is homogeneous throughout the organ volume. Evidence to the contrary has been demonstrated. Combining mean lung dose with positional dependence leads to improved predictive power for incidence of radiation pneumonitis [1] . Incidence of subjective xerostomia in head-and-neck cancer patients correlates more strongly with dose to the lateral cranial regions of the parotid compared with mean dose to the whole parotid [2] . The search for regional effects requires sub-segmenting normal tissue contours based on anatomical (e.g., liver lobes) or geometrical features. This search cannot conceivably be performed manually. Herein we present a computational system, DICOMautomaton, which can rapidly perform autonomous contour sub-segmentation and generic dose-volume computations, substantially reducing the human effort required for exploratory dose-volume analyses.
Methods
DICOMautomaton offers a variety of segmentation routines which can be applied identically from single contour loops to entire patient organ sets. The most intuitive are those which split data along an embedded R 2 plane. For example, a researcher requiring equal volume lateral halves of a given organ need only specify that the division should occur along a sagittal plane. Not all segmentation is limited to organs, as per-contour or per-patient segmentation is available. Alternatively, a user might not want a flush, planar boundary between segments, instead preferring to sub-segment in terms of distance from an organ's surface. DICOMautomaton can perform this ray-casting segmentation along a specified direction. Planar and casting segmentation are sufficient for producing segments of equal volume, contour (planar) area, or number in a variety of orientations and configurations. All techniques are composable; they can be chained together sequentially or mixed selectively on a per-segment basis.
More complex segmentation is possible including fractal-like branching, which is useful for imitating branching vessels, core-and-peel, for separating inner and outer portions, and constrained segmentation, which can partition voxels by means of a user-provided heuristic. A canonical use for the latter is enclosing all voxels within an organ receiving dose above a certain threshold with an exclusive contour. The heuristic function is a stateful closure which can be passed in and altered at run-time, admitting highly complex selection heuristics.
It is often desirable to test a variety of segmentations for some given suitability. This feedback allows for automatic searching of regional organ dose sensitivity. DICOMautomaton provides rudimentary facilities for the automation of such searching: given a set of segmentation rules (i.e., a "schedule"), the system will attempt to optimize a user-provided cost function by traversing a sub-segmentation graph. The schedule can be provided at run-time.
To encourage interoperability, contours which have been segmented can be injected back into anonymized patient data permanently in a dicom-conforming manner. Lossless segmentation persists across such injection, and remains fully reversible.
To provide a useful platform for automation of dosimetric analyses, DICOMautomaton offers the ability to compute standard dosimetric quantities on any set of contour (sub-)segments. dvh, minimum/mean/median/maximum voxel dose, and statistical moment routines exist, while the implementation of additional routines is straightforward. All dosimetric routines avoid resampling and interpolation where possible by working directly with dicom contour and voxel dose data.
Results
To demonstrate the segmentation capabilities, we have produced a variety of images using patient contours. In figure 1 we demonstrate simple planar segmentation of a whole left parotid. Figure  2 shows mixed ray-casting and planar segmentations proceeding in sequence. Finally, more complex segmentations are shown in figure 3 , including random-orientation sequential planar, core-and-peel, and dose-threshold heuristic segmentations of various contours.
System accuracy was measured by comparing minimum, mean, and maximum doses from 60 head-and-neck cancer dosimetric data sets to Varian's Eclipse TM . The mean dose to the left parotid varied from 2 to 65 Gy. The average absolute percent discrepancy was 0.8% (σ = 1.2%) with the largest occurring at low mean doses (< 10 Gy). Total computation time, including file input and output, was 80 seconds on an Intel R Pentium R E2200. dvhs produced by DICOMautomaton were found to strongly agree with those produced by Varian's Eclipse
TM . An example comparison is shown in figure 4 . A typical segmentation workflow using popular analysis software takes a voxel approach whereby contours are resampled onto legitimately voxel (e.g., image or dosimetric) data for the convenience of having a single, unified structure or to simply fit into a voxel paradigm. This approach requires irreversible resampling and interpolation to project the contours onto a voxel grid and is wasteful in the sense that algorithms working on contour lines embedded in planes decrease considerably in computational efficiency when adapted to run on voxels in R 3 . Efficient voxel image segmentation algorithms run in O(n log n) time where n is the number of voxels [3] , which, due to the dimensionality, makes n unfortunately large at even modest resolutions (e.g., 256 3 voxels). The popular marching cubes algorithm [4] , which is more directly adaptable to voxel-based contour segmentation, not only suffers from the aforementioned dimensionality issue but also notoriously exhibits topological inconsistency and produces fragmented volume boundaries [5] . Attempts to address these limitations are numerous [6] . To avoid such problems DICOMautomaton forgoes the voxel paradigm, instead working directly with dicom-style contours. This enables lossless, reversible segmentation, reduces resampling and truncation errors to near-machine precision, and dramatically reduces computation time.
Conclusions
DICOMautomaton allows users to rapidly, accurately, and autonomously (sub-)segment large amounts of contour data into intricate structures suitable for analyses of regional organ dose sensitivity. Dosimetric routines are robust; quantities computed with DICOMautomaton strongly agree with those produced by Varian's Eclipse TM .
